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Relationship between soil moisture of near surface and
multiple depths of the root zone under heterogeneous land
uses and varying hydroclimatic conditions
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Abstract:
This paper presents an assessment of the relationship between near-surface soil moisture (SM) and SM at other depths in the
root zone under three different land uses: irrigated corn, rainfed corn and grass. This research addresses the question whether
or not near-surface SM can be used reliably to predict plant available root zone SM and SM at other depths. For this study,
a realistic soil-water energy balance process model is applied to three locations in Nebraska representing an east-to-west
hydroclimatic gradient in the Great Plains. The applications were completed from 1982 through to 1999 at a daily time scale.
The simulated SM climatologies are developed for the root zone as a whole and for the five layers of the soil profile to a
depth of 1Ð2 m.
Over all, the relationship between near-surface SM (0–2Ð5 cm) and plant available root zone SM is not strong. This applies
to all land uses and for all locations. For example, r estimates range from 0Ð02 to 0Ð33 for this relationship. Results for near-
surface SM and SM of several depths suggest improvement in r estimates. For example, these estimates range from 0Ð19
to 0Ð69 for all land uses and locations. It was clear that r estimates are the highest (0Ð49–0Ð69) between near-surface and
the second layer (2Ð5–30Ð5 cm) of the root zone. The strength of this type of relationship rapidly declines for deeper depths.
Cross-correlation estimates also suggest that at various time-lags the strength of the relationship between near-surface SM and
plant available SM is not strong. The strength of the relationship between SM modulation of the near surface and second layer
over various time-lags slightly improves over no lags. The results suggest that use of near-surface SM for estimating SM at
2Ð5–30 cm is most promising. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION
Soil moisture (SM) is an important component of the
hydrological cycle and a key mediator between land sur-
face and atmospheric interactions. Near absence of a
high density SM observing network is an obstacle for
weather and climate prediction (cf. Koster and Suarez,
2003). Unavailability of long-term homogeneous SM data
for various depths of the root zone also prevents the
atmospheric science community from better understand-
ing how this quantity varies over different time-scales
under different land uses within heterogeneous hydrocli-
matic domains. Subsequently, we encounter the question
regarding the impacts of these variabilities on atmo-
spheric modulation and its prediction. Modelling of SM
and creating a long-term data set can be used to answer
some of these questions. In the past, the authors of
this paper have addressed issues related to SM variabil-
ity at different time-scales under different hydroclimatic
regimes, land uses and through the various depths of the
* Correspondence to: Rezaul Mahmood, Department of Geography and
Geology and Kentucky Climate Center, Western Kentucky University,
Bowling Green, KY 42101, USA. E-mail: rezaul.mahmood@wku.edu
root zone (e.g. Mahmood and Hubbard, 2004) using long-
term modelled data. These activities are in line with other
SM modelling efforts (e.g, Global Soil Wetness Project
(GSWP)).
This paper addresses issues that are related to the above
research themes. In particular, it is concerned with the
following questions. Can we correlate near-surface SM to
SM at deeper layers of the root zone or to plant available
root zone SM? What is the strength of these correlations?
How do these ‘correlations’ vary under different land
uses and soils and during different years? These issues
are particularly critical during any attempt to characterize
and quantify root zone SM based upon near-surface soil
water content. This study uses a soil moisture process
model to reconstruct past SM at different depths up to
1Ð2 m and investigates the questions presented above
under three different land uses (grass, rainfed corn and
irrigated corn) and varying hydroclimatic conditions of
the Northern Great Plains (NGP) (Figure 1).
Plant-water use varies between phenological stages and
with stage duration. This leads to variations in water
use from one growing season to the next. Hence, water
consumption (thus root zone SM distribution) under
various land uses is different under the same climatic
conditions (cf. Mahmood and Hubbard, 2002). Note, the
Copyright  2007 John Wiley & Sons, Ltd.





Figure 1. Location of the model applications. (Modified from Mahmood
and Hubbard, 2002)
growing season for irrigated corn is longer by 4–6 weeks
(than rainfed corn and grass) owing to the availability of
moisture to sustain growth later in the season. Thus, for a
given growing season, water consumption and root zone
SM distribution are different for these land uses. The
Robinson and Hubbard (1990) model applications were
repeated for three sites in Nebraska for these land uses
(Figure 1). The model estimates of SM are for the top five
layers to a depth of 122 cm and for a period from 1982
through 1999. The five layer depths are 0–2Ð5, 2Ð5–30Ð5,
30Ð5–61, 61–91Ð5 and 91Ð5–122 cm, respectively.
The SM model was successfully validated by Robin-
son and Hubbard (1990), Camargo (1993), and Camargo
et al. (1994). The Robinson–Hubbard model validation
was completed for five predominant land uses in the
Great Plains including grass, corn, wheat, sorghum and
soybean. Nine locations extending from eastern to west-
ern Nebraska, South Dakota and Wyoming were used for
this purpose. In addition, successful model evaluation for
six soil layers up to the depth of 1Ð8 m was also con-
ducted. The data collection campaigns consisted of four
growing seasons (April through to September/October)
in 1986, 1987, 1990 and 1991. The validation efforts
were more extensive than those presented in several other
modelling efforts. For example, the Variable Infiltration
Capacity (VIC) (Cherkauer and Lettenmair, 1999) and the
Crawford model (Crawford et al, 2000) were validated by
using 1 month of data and only for grass. On the other
hand, validation of the Robinson–Hubbard model was
completed over a larger geographical area with a well-
known east to west hydroclimatic gradient, over a variety
of land uses, and for several growing-seasons. A detailed
discussion on the Robinson–Hubbard model performance
is presented later.
The Robinson–Hubbard SM model is currently opera-
tional and used for SM assessment and irrigation schedul-
ing in the NGP. These authors and others have success-
fully used the Robinson–Hubbard model for a number
of studies focusing on impacts of land use on energy
balance, SM and ET (e.g. Meyer et al., 1993a,b; Mah-
mood et al., 2001, 2002, 2004; Mahmood and Hubbard
2002, 2003, 2004). The present research builds upon the
data set developed and used by Mahmood and Hubbard
(2004).
CLIMATE AND SM MODELLING
Over the past decade and a half a number of modelling
activities were undertaken to explore the relationship
between SM and climate. Dirmeyer et al. (2000) assessed
impacts of SM on surface fluxes in three land surface
schemes (LSSs) by using the evaporative fraction (EF),
which is the ratio between latent heat flux and the sum
of latent heat flux and sensible heat flux. They found that
the EF is sensitive to SM and land use. They indicate
that over forested land the EF is sensitive to SM when
the soil is drying. Sensitivity is low under moderately
moist to wet soil. Dirmeyer et al. (2000) suggested that
the accuracy of measurement and modelling of SM is
more important for drying soil and for sparsely vegetated
land surface. These results are similar to Mahmood
and Hubbard’s (2003) findings that the forcing of soil
heterogeneity on evapotranspiration (ET) decreases and
increases under wet and dry conditions, respectively. In
another study, Ronda et al. (2002) found that a bulk
approach resulted in higher latent energy flux compared
with a quasi-distributed approach under wet conditions
and this reverses under dry conditions. The results,
again, demonstrate the importance of SM in the accurate
calculation of boundary layer characteristics. During a
modelling study Findell and Eltahir (2003a) found that
wet soil provides a more conducive environment for deep
convection compared with dry soils. They also noted
positive feedback between SM and moist convection
during summer months over the eastern USA (Findell
and Eltahir, 2003b).
Wu et al. (2002) used an Illinois SM data set to illus-
trate that its amplitude decreases with depth. Analyses of
composites show seasonal variations of SM are amplified
during drought years and SM profile variability is a func-
tion of depth. Mahmood and Hubbard (2004) successfully
simulated this observation for heterogeneous land uses
under varying hydroclimatic conditions over the Great
Plains. Li and Islam (2002) also noted that the accuracy
of the SM profile retrieval depends on the initial SM con-
dition. For wetter soil conditions the model initialization,
based on remotely sensed surface SM, is adequate. For
drier soil conditions such an initialization produces larger
error, due to the decoupling of near-surface and deeper
layer SM. A qualitative visual assessment of Nebraska,
USA, SM also provides supporting evidence of these con-
clusions (High Plains Regional Climate Center (HPRCC),
2005, www.hprcc.unl.edu). In short, these studies demon-
strate heterogeneity in SM variations through the various
depths of the root zone.
Adegoke and Carleton (2002) established a relationship
between measured SM and satellite vegetation indices for
the Midwestern region of the USA. They found the asso-
ciation between SM and vegetation indices to be scale
dependent with an 8-week lag relationship. These indices
are also indicative of vegetation health and this may have
an impact on energy partitioning. Implicitly, the results
suggest the potential influence of SM on the boundary
layer atmospheric energy partitioning. Koster and Suarez
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(2003) investigated the impacts of SM on seasonal tem-
perature and precipitation prediction. Their study finds
that land initialization with SM increased forecast skill in
certain seasons and geographical regions. In a previous
study Koster et al. (2000) found that during summer-
time SM plays a dominant role in controlling continental
precipitation. A modelling study by Schlosser and Milly
(2002) suggests that high 30-day-mean temperature pre-
dictability was associated with strong variability of SM
stress on ET and with abundant continental SM. They
also show that skill in predicting monthly near-surface
temperature and SM is affected by initial SM.
Hong and Pan (2000) reported a strong positive feed-
back between initial SM and simulated seasonal precip-
itation. The simulations were conducted by using the
National Centers for Environmental Prediction Regional
Spectral Model (NCEP RSM). Model simulations show
that soil water storage eventually effects moisture dis-
tribution within the boundary layer atmosphere and its
structure (Hong and Pan, 2000). Wang and Kumar (1998)
suggest that interannual variations of SM may play a role
in seasonal predictability of surface climate anomalies.
They found a strong correlation between SM and surface
temperature anomalies. Dirmeyer (1999, 2000) also noted
that accuracy of simulated precipitation anomaly was
lowered due to incorrect SM inputs. Huang et al. (1996)
found that SM provides improved prediction, compared
with precipitation, of temperature over large areas during
the summer season. A number of other studies have also
demonstrated that correct SM specification in the models
has a direct impact on the forecasting skill (cf. Schar
et al., 1999; Hong and Kalnay, 2000; Douville et al.,
2001).
A number of sensitivity studies for several Land Sur-
face Schemes (LSS) were conducted under the Global
Soil Wetness Project (GSWP) and the Project for Inter-
comparison of Land-Surface Parameterization Schemes
(PILPS) (e. g. Qu et al. 1998; Dirmeyer, 1999; Morrill
et al. 1999; Pitman et al., 1999). Lohmann et al. (1998)
noted that simulated changes in mean seasonal cycles of
soil moisture storage agreed qualitatively with observa-
tions. In other words, it will be difficult for researchers
and forecasters to confidently quantify soil moisture using
these models. To overcome some of the uncertainties in
the design of LSSs and to increase the accuracy of the
estimated flux and storage of energy and water and to
produce global SM data, a new project, Land Data Assim-
ilation System (LDAS) was undertaken (Mitchell et al.,
2000). The Atmospheric Model Intercomparison Project
(AMIP) reported that none of the AMIP models capture
interannual variations in SM (Robock et al., 1998). Esti-
mates of SM provided by the revised AMIP models also
show no improvement in reflected actual seasonal vari-
ations in SM (Srinivasan et al., 2000). The GSWP used
10 LSSs to produce global SM data. It is noted that none
of the models produced realistic estimates of SM for any
regions (Entin et al., 1999). They observed that model
biases vary from region to region and a simple approach
would not be sufficient.
In summary, earlier studies did not explicitly assess
the relationship between near-surface and root zone SM
at various depths. This type of assessment is essential
in estimating root zone SM. In addition, the absence of
data has been a barrier to obtaining a better grasp of
SM dynamics at different depths within the top 1 m of
the soil profile. Also, SM variations under a number of
widespread land use/land cover types and the absence
of a concurrent evaluation has been a barrier to better
understanding of SM and its relationship to climate.
The present study quantifies the relationship between
near-surface and SM at various depths. This objective
is fulfilled by using long-term modelled data from three
hydroclimatically different locations where three different
land uses are assumed at each location. This study is
particularly critical for a number of reasons. First, it
allows us to understand the SM relationships between
near-surface and various depths of root zone. Second, we
explore these relationships under varying land uses, soils
and hydroclimatic conditions. Third, these assessments
were conducted over various time-scales. Fourth, this
study presents the opportunity to visit the issues related
to reliable estimation of root zone SM based on near-
surface SM.
Due to the extensive conversion of natural grasslands
to agricultural land use in the Great Plains, it is essential
that we investigate the SM of crop lands along with grass-
lands. Applications of the Robinson–Hubbard model are
advantageous because it is well-adapted to local (the
NGP) land use and hydroclimatic conditions. It is noted
that the relationship between land use and soil mois-
ture must be assessed under a variety of conditions (Qiu
et al., 2001) and this study addresses this concern. In
addition, the United States Global Change Research Pro-
gram (USGCRP) notes that improved understanding of
water cycle variations at the climatological time-scale is
a critical research issue (USGCRP, 2001). As a result, the
long-term goal of the authors of this paper is to address
this objective as identified by the USGCRP. In addition,
this study has been carried out within the Mississippi
watershed which is the focus of GEWEX Americas Pre-
diction Project (GAPP) area.
ROBINSON–HUBBARD SM MODEL AND
EVALUATION OF ITS PERFORMANCE
The Robinson–Hubbard SM model can be presented as
follows:
∂S/∂t D P C I  ET  R0  Dr 1
where S is soil water in the root zone (mm), t is time
(day), P is precipitation, I is irrigation, ET is actual
evapotranspiration, R0 is runoff and Dr is drainage below
the root zone, all in daily time frame (mm day1).
Total precipitation, relative fraction of soil water present,
and a soil water retention factor are used to estimate
runoff (McCuen, 1982). The model uses Campbell’s
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equation to calculate drainage (Campbell, 1985; p. 92,
equation 8.37).
Evaporation and transpiration are first estimated and
then ET is taken as the sum of these two. A modified
Penman (Penman, 1948) combination method of potential
ET estimation is used to derive E and T. In this
modification, a wind function developed by Kincaid and
Heerman (1974) is used. In this model, evaporation is also
a function of number of days (ND), where ND is set to 1
on the day of precipitation (or irrigation) and increases by
one for each consecutive day. The relationships among
evaporation, potential ET and ND can be presented as
follows:
E D ETp1/ND1/2 2
where ETp is potential evapotranspiration based on the
modified Penman method.
Transpiration is a function of a crop and phenologi-
cally dependent crop-coefficient (Kc), ETp, and a soil-
water reduction factor (f). The soil-water reduction fac-
tor restricts crop-water use when soil moisture content
approaches wilting point and is a function of available
soil water and water holding capacity of the soil (Robin-
son and Hubbard, 1990). Hence, transpiration in the
model is:
T D fKcETp  E 3
The root depth increases linearly with accumulated
growing degree-days (GDD). The model divides the plant
root zone in four equal layers and assumes 40%, 30%,
20% and 10% water extraction from each layer, respec-
tively. The soil moisture model simulates water in each
layer, current water stress, runoff, drainage, phenology,
actual and potential evapotranspiration, sensible heat flux
and net radiation.
Here we present a summary of the Robinson–Hubbard
model validation activities. The model performance was
evaluated during the four growing seasons of 1986,
1987, 1990 and 1991 (Table I). It included observed data
from five land uses, nine sites (representing varied soil
conditions), and six soil layers up to 1Ð8 m depth (cf.
Robinson and Hubbard, 1990; Camargo, 1993; Camargo
et al., 1994). Tables I–III (and see Figure 3) present
details of the model validation from Robinson and
Hubbard (1990). The sites are located in Nebraska (five),
South Dakota (two), and Wyoming (two) (Table I). Soil
water was measured at six depths including 15, 45,
75, 105, 135 and 165 cm using neutron probes and the
assumption that the data from each depth represent a soil
layer of 30 cm. Each of the nine locations represents
different root zone soil characteristics and thus, if we
combine location and land use, SM data was collected
from 20 different land surface conditions (Table I).
A number of model performance evaluation methods,
including the d index (index of agreement), are used
(Table II). The d index (Willmott, 1981; Legates and
McCabe, 1999), can be expressed as follows:













where O and P are observed and predicted values, respec-
tively. The d index penalizes the model for consistently
over- or underestimating even though the correlations
may be high (Legates and McCabe, 1999). This index
ranges from 0Ð0 to 1Ð0. Higher values indicate better
agreement between modelled and measured values. It is
found that for most of the land uses the d index is greater
than 0Ð90 and ranged between 0Ð7 and 1Ð0 (Table II).
The r2 estimates are greater than 0Ð90 values for 13 out






North Platte, NE 1986 Corn 13 June: 4, 11, 18, 25; July: 2, 9, 16, 23, 30; August: 13, 20, 27; Sept: 3
Wheat 12 April: 23, 30; May: 7, 14, 21, 28; June 4, 11, 18, 25; July: 2, 9
North Platte, NE 1987 Corn 12 June: 2, 11, 17; July: 7, 14, 21, 27; August: 4, 11, 18; Sept: 1, 8
Wheat 4 May: 26, June: 2, 11, 17
Sorghum 12 June: 2, 10, 17; July: 7, 14, 21, 27; August: 4, 11, 18; Sept: 1, 8
Soybean 12 June: 2, 10, 17; July: 7, 14, 21, 28; August: 4, 11, 18; Sept: 1, 8
Clay Center, NE 1987 Corn 8 June: 30; July: 7, 21, 30; August: 6, 21, 27; Sept.: 30
Wheat 9 April: 23, 29; May; 7, 15, 29; June: 9, 18, 30; July: 7
Sorghum 8 June: 30; July: 7, 21, 30; August: 6, 21, 27; Sept.: 30
Soybean 8 June: 30; July: 7, 22, 30; August: 6, 21, 27; Sept.: 30
Concord, NE 1987 Corn 11 June: 11, 25; July: 1, 9, 16, 23, 30; August: 5, 14; Sept.: 11, 28
Sorghum 9 July: 1, 8, 16, 23, 30; August: 5, 14; Sept.: 11, 28Ð
Soybean 11 June: 11, 25; July: 1, 9, 16, 23, 30; August: 5, 14; Sept.: 11, 28Ð
Mead, NE 1986 Wheat 5 May 14, 30; June: 13; July: 2, 16
Soybean 5 June: 6, 13; July: 2, 17, 29
Brookings, SD 1987 Corn 4 June: 29; July: 13; August: 6, 26
Chamberlin, SD 1987 Corn 5 July: 1, 14, 30; August: 20; Sept.: 14
Wheatland, WY 1986 Wheat 8 May: 30; June: 15, 30; July: 14, 28; August: 11, 26; Sept.: 8
Sidney, NE 1987 Wheat 8 May: 27; June: 3, 11, 18, 26; July: 2, 9, 16
Chugwater, WY 1987 Grass 10 May: 19; June: 2, 10, 16, 23, 30; July: 7, 14, 21, 28
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Table II. Performance evaluation of the soil water balance model (Source: Robinson and Hubbard, 1990)
















North Platte, NE 1986 Corn 0Ð99 0Ð98 1Ð2 35Ð4 10Ð2 34Ð6 10Ð3 0Ð8 1Ð3 1Ð5
Wheat 0Ð78 0Ð94 4Ð4 32Ð1 3Ð8 27Ð7 5Ð9 4Ð8 0Ð9 4Ð9
North Platte, NE 1987 Corn 0Ð98 0Ð98 1Ð7 31Ð0 8Ð8 32Ð7 9Ð5 1Ð8 1Ð3 2Ð2
Wheat 0Ð79 0Ð91 1Ð6 30Ð6 1Ð8 29Ð0 2Ð0 1Ð6 0Ð5 1Ð7
Sorghum 1Ð00 0Ð99 1Ð1 39Ð1 9Ð7 38Ð9 10Ð8 1Ð1 0Ð8 1Ð4
Soybean 0Ð96 0Ð99 3Ð1 36Ð7 7Ð8 33Ð6 9Ð0 3Ð4 0Ð7 3Ð4
Clay Center, NE 1987 Corn 0Ð91 0Ð91 4Ð1 54Ð4 8Ð4 58Ð5 8Ð2 4Ð1 2Ð3 4Ð7
Wheat 0Ð78 0Ð40 3Ð8 61Ð2 4Ð6 59Ð5 5Ð6 3Ð1 3Ð4 4Ð6
Sorghum 0Ð98 0Ð98 1Ð7 61Ð0 8Ð3 59Ð6 9Ð5 1Ð8 1Ð0 2Ð0
Soybean 0Ð96 0Ð96 2Ð0 62Ð5 6Ð7 64Ð5 7Ð0 2Ð1 1Ð3 2Ð4
Concord, NE 1987 Corn 0Ð92 0Ð74 2Ð0 29Ð5 5Ð4 29Ð8 4Ð6 0Ð3 2Ð7 2Ð7
Sorghum 0Ð75 0Ð67 4Ð6 28Ð8 6Ð5 24Ð2 5Ð4 4Ð6 3Ð5 5Ð8
Soybean 0Ð70 0Ð78 7Ð9 40Ð6 6Ð7 32Ð7 7Ð5 8Ð0 3Ð0 8Ð6
Mead, NE 1986 Wheat 0Ð79 0Ð98 2Ð9 45Ð4 3Ð1 42Ð5 6Ð2 4Ð0 0Ð4 4Ð0
Soybean 0Ð79 0Ð71 2Ð7 58Ð0 3Ð6 55Ð3 4Ð3 3Ð0 1Ð7 3Ð4
Brookings, SD 1987 Corn 0Ð95 0Ð93 1Ð1 24Ð4 3Ð3 25Ð1 4Ð3 1Ð2 0Ð7 1Ð4
Chamberlin, SD 1987 Corn 0Ð96 0Ð95 1Ð0 29Ð1 3Ð5 30Ð1 4Ð0 1Ð2 0Ð7 1Ð4
Wheatland, WY 1986 Wheat 0Ð84 0Ð68 1Ð0 22Ð6 1Ð5 23Ð4 1Ð7 1Ð0 0Ð8 1Ð3
Sidney, NE 1987 Wheat 0Ð86 0Ð99 3Ð3 28Ð4 5Ð4 31Ð7 4Ð1 3Ð5 0Ð6 3Ð6
Chugwater, WY 1987 Grass 0Ð86 0Ð77 1Ð2 26Ð5 1Ð5 26Ð1 2Ð6 1Ð3 0Ð7 1Ð5
MAE, mean absolute error; P, predicted soil moisture; O, observed soil moisture; p, variance of predicted soil moisture; o, Variance of observed
soil moisture; RMSE, root mean square error; Es, systematic component of RMSE; Eu, unsytematic component of RMSE.
Table III. Model performance at various depths under corn land use at North Platte, NE (Source: Robinson and Hubbard, 1990)
Soil layer (mm) d index r2 MAE (cm) P (cm) p (cm2) O (cm) o (cm2) Es (cm) Eu (cm) RMSE (cm)
0–300 0Ð97 0Ð94 0Ð5 5Ð6 1Ð8 6Ð0 1Ð8 0Ð4 0Ð4 0Ð6
300–600 0Ð95 0Ð97 0Ð7 5Ð6 2Ð1 6Ð2 1Ð7 0Ð7 0Ð4 0Ð8
600–900 0Ð99 0Ð98 0Ð4 5Ð6 2Ð1 5Ð6 1Ð7 0Ð3 0Ð3 0Ð4
900–1200 0Ð98 0Ð96 0Ð4 6Ð1 1Ð8 5Ð7 2Ð0 0Ð4 0Ð4 0Ð6
1200–1500 0Ð92 0Ð92 0Ð9 6Ð2 1Ð5 5Ð5 1Ð9 0Ð8 0Ð4 0Ð9
1500–1800 0Ð88 0Ð95 0Ð8 6Ð2 1Ð1 5Ð6 1Ð7 0Ð9 0Ð3 0Ð9
MAE, mean absolute error; P, predicted soil moisture; O, observed soil moisture; p, variance of predicted soil moisture; o, Variance of observed
soil moisture; RMSE, root mean square error; Es, systematic component of RMSE; Eu, unsytematic component of RMSE.
of 20 cases (Table II). All, except one, r2 estimates are
between 0Ð99 and 0Ð67. The observed and predicted SM
values range between 23Ð4 and 64Ð5 and 22Ð6 and 62Ð5
cm, respectively (Table II). In addition, observed and pre-
dicted variances for SM values range between 1Ð7 and
10Ð8 and 1Ð5 and 10Ð2 cm, respectively. Clearly, high d
index and ‘r2’ estimates suggest a high degree of agree-
ment between observed and predicted SM values and
agreement between their variances clearly indicates that
the model performance is satisfactory for heterogeneous
land uses and soil physical properties. It is also found
that phase and amplitude of modelled and measured SM
are in good agreement.
The Robinson–Hubbard model was evaluated for its
estimation of SM at various depths in the root zone.
Assessment for North Platte, NE shows that the d index
and r2 estimates for observed and modelled SM for
six layers ranged between 0Ð88 and 0Ð98 and 0Ð92 and
0Ð98, respectively (Table III). Moreover, observed and
predicted SM for these six layers of root zone ranged
between 5Ð5 and 6Ð2 cm and 5Ð6 and 6Ð2 cm, respectively
(Table III). The variance of the observed and predicted
SM for these layers ranged between 1Ð7 and 2Ð0 and 1Ð1
and 2Ð1 cm, respectively. Thus, the Robinson–Hubbard
model estimates SM satisfactorily for various soil layers
of the root zone.
Camargo (1993) and Camargo et al. (1994) conducted
an additional data collection and model evaluation cam-
paign. Eight irrigation treatments were applied in a split
plot design for sorghum at Mead, NE during the 1990 and
1991 growing season. This design was developed based
on plant phenological progress and under this scheme
irrigation was applied or withheld in all combinations for
the three growth stages. The depletion of plant available
SM below 50% of field capacity in the 0–90 cm layer
of the fully irrigated plot would trigger irrigation for all
plots where water was not being withheld. The d index
and r2 values range from 0Ð78 to 0Ð96 and 0Ð64 to 0Ð93,
respectively. However, in most of the cases d index and
r2 values for model evaluation remained above 0Ð90 and
0Ð80. A total of 16 irrigation treatment designs (8 C 8
treatment design over 2 years) were developed for this
Copyright  2007 John Wiley & Sons, Ltd. Hydrol. Process. 21, 3449–3462 (2007)
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validation. Of these the d -index exceeded 0Ð90 nine times
and 0Ð80 14 times. Moreover, r2 reached over 0Ð80 on 12
occasions under the 16 treatments. The performance of
the model in simulating SM in the five soil layers was
satisfactory, which is indicated by the d index and r2 esti-
mates of 0Ð95 and 0Ð96, respectively. Recent applications
also show that the model is simulating soil water satis-
factorily (Mahmood et al., 2001; Mahmood and Hubbard,
2002, 2003, 2004).
Detailed quantitative evaluation suggests that the
Robinson–Hubbard model performance is superior to
existing models, including the Crawford et al. (2000)
model, and to a number of LSSs used in GSWP, AMIP
and PILPS. In many cases, evaluation activities were
limited for these models and were not evaluated for mul-
tiple land uses, root zone depths, locations, years and
soils and under significantly variable hydroclimatic con-
ditions. For example, Crawford et al. (2000) have used
1 month of data from one land use for their model vali-
dation and found that r2 between observed and simulated
SM for 25, 60 and 75 cm depth ranged between 0Ð27 and
0Ð40. Robinson and Hubbard (1990) recorded r2 between
0Ð94 and 0Ð98 for comparable depth ranges and Camargo
et al. (1994) found r2 values ranged between 0Ð73 and
0Ð96. Crawford et al. (2000) reported that simulation of
SM at deeper layers by their model was not satisfac-
tory. Table III demonstrates that the Robinson–Hubbard
model performance is satisfactory for deeper layers.
The Robinson–Hubbard model is applied at Mead,
Clay Center and McCook (Figure 1) in Nebraska and
they follow an east to west gradient from moist (Mead)
to very dry (McCook) conditions. In other words, they
represent varying land use and moisture regimes. Three
applications of the Robinson–Hubbard model per site
(three types of land use by one soil type) were completed.
The design of these applications helped to determine to
what extent the relationship between near-surface SM
and SM at various depths of the root zone changes
under different land uses and hydroclimatic regimes.
Daily weather data for the Robinson–Hubbard model
simulations were provided by the automated weather
stations at the study sites, which are maintained and
operated by the High Plains Regional Climate Center
(HPRCC). The HPRCC also provided site-specific soil
input data, which includes bulk density, soil texture,
wilting point, field capacity and saturation point for each
soil layer (Tables IV and V). In the following discussion
individual layer SM is presented as volumetric water
content (mm3 mm3) and plant available root zone water
(SM) is presented as water depth.
Table IV. Distribution of clay, sand, and silt at three locations in
Nebraska (Mahmood and Hubbard, 2004)
Location Clay (%) Sand (%) Silt (%)
McCook 15 20 65
Clay Center 30 10 60
Mead 65 5 30
Table V. Selected hydrological properties (in volumetric water










McCook 0–2Ð5 0Ð46 0Ð36 0Ð22
2Ð5–30Ð5 0Ð52 0Ð36 0Ð22
30Ð5–61 0Ð48 0Ð36 0Ð22
61–91Ð5 0Ð42 0Ð36 0Ð22
91Ð5–122 0Ð46 0Ð36 0Ð22
Clay Center 0–2Ð5 0Ð46 0Ð32 0Ð12
2Ð5–30Ð5 0Ð52 0Ð32 0Ð16
30Ð5–61 0Ð48 0Ð33 0Ð17
61–91Ð5 0Ð42 0Ð33 0Ð14
91Ð5–122 0Ð46 0Ð34 0Ð14
Mead 0–2Ð5 0Ð46 0Ð36 0Ð18
2Ð5–30Ð5 0Ð55 0Ð36 0Ð18
30Ð5–61 0Ð65 0Ð40 0Ð20
61–91Ð5 0Ð65 0Ð40 0Ð20
91Ð5–122 0Ð59 0Ð42 0Ð20
ROBINSON–HUBBARD MODEL APPLICATIONS
AND TEMPORAL DISTRIBUTION OF PLANT
AVAILABLE ROOT ZONE SM
The Robinson–Hubbard model was run for irrigated corn,
rainfed corn and rainfed grass from 1982 through to
1999 for each of the locations. Model runs begin on 5
May and represent the beginning of the growing sea-
son. Each run ended on 4 May of the subsequent year.
To capture real world conditions, the soil water bal-
ance from the end of each annual simulation was carried
over to the next simulation. Phenological development
of grass, rainfed and irrigated corn are different for each.
As a result, three separate accumulated growing degree-
days (GDD) were included during the model simulations
to accurately determine phenological progress of these
plants (Table VI). This is essential because phenologi-
cal development significantly influences the plant-water
use and thus root zone soil water. We have used differ-
ent GDDs for each crop/land use. However, these GDDs
remained unchanged for all locations in order to under-
stand hydroclimatic influences. Irrigation in the model
was triggered when root zone soil water fell below the
mid-point between field capacity and wilting point. Since
plant growth and phenological development are depen-
dent on thermal conditions (captured by GDD), interan-
nual variations in temperature affected length-of-time to
reach maturity.
At the westernmost site (McCook), on average, the
amount of plant available soil water throughout the
growing season is relatively higher for irrigated corn
compared with rainfed corn and rainfed grass (Figure 2a-
c). Clay Center also shows a similar SM distribution
for irrigated corn. Supply of water by irrigation to
fulfill plant water requirements results in higher plant
available SM for irrigated corn. Season-wide distribution
suggests a significant decrease in plant available SM with
plant growth and associated increase in consumption.
This depletion is most widespread under rainfed corn
Copyright  2007 John Wiley & Sons, Ltd. Hydrol. Process. 21, 3449–3462 (2007)
DOI: 10.1002/hyp
SOIL MOISTURE UNDER DIFFERENT LAND USES AND HYDROCLIMATIC CONDITIONS 3455












Irrigated corn 10 30 1538
Rainfed corn 10 30 1204
Grass 4 25 1649
(Figure 2b). For example, at McCook mean lowest plant
available SM for irrigated and rainfed corn, and grass
is 9, 4 and 6 cm, respectively (Figures 2a–c). Grass
requires less SM to fulfill its physiological demand and
this results in higher plant available SM under this land
use compared with rainfed corn. At Mead, plant available
SM also decreases with the progression of plant growth
(Figures 3a–c). Due to its sub-humid location, plant
available SM is higher for all three land uses at Mead
compared with McCook and Clay Center. For example,
the mean daily plant available SM for irrigated and
rainfed corn and grass is 12, 14 and 17 cm, respectively.
Here, the lowest mean daily plant available SM is under
irrigated corn, not rainfed corn. Several factors need to
be considered to explain this outcome. First, due to the
selected GDD (Table VI), length of growing season for
irrigated corn is longer; second, natural plant available
SM is higher due to the moist subhumid environment;
and third, the water holding capacity of the soil is higher
at this location. The latter allowed soils to hold SM for
a longer period of time and thus plants mined stored
water first before requiring irrigation. Due to the shorter
growing season and greater availability of water at Mead,
rainfed corn did not use as much water.
SOIL MOISTURE AT VARIOUS DEPTHS OF THE
ROOT ZONE
Under irrigated and rainfed corn and grass land use, mean
daily volumetric water content in almost all layers is
higher at Mead compared with the other two locations
(Tables VII–IX). As noted above, hydroclimatologically
Mead is a relatively moist site compared with McCook






















































































































































































































Figure 2. Mean (1982–1999) daily ET and plant available soil water
for three land uses at McCook, Nebraska: (a) irrigated corn, (b) rainfed
corn and (c) grass. First simulation starts on 5 May 1982 and ends on 4
May 1983. This process continued through to 1998–1999. Soil moisture
balance of a year carried over to subsequent years (Source: Mahmood
and Hubbard, 2002)
uses the second layer of the soil profile is relatively moist.
The top layer of the soil loses moisture more quickly
largely due to evaporation. Relatively less moisture
reaches the lower layers of the soil profiles after drainage
to the second and third layers. Soil moisture at the fourth
Table VII. Average soil moisture (volumetric water content) under three land uses in Nebraska for the period 1982–1999










McCook Irrigated corn 0Ð26 0Ð33 0Ð26 0Ð18 0Ð17
Rainfed corn 0Ð24 0Ð29 0Ð21 0Ð16 0Ð15
Grass 0Ð24 0Ð27 0Ð20 0Ð18 0Ð23
Clay Center Irrigated corn 0Ð31 0Ð37 0Ð32 0Ð24 0Ð25
Rainfed corn 0Ð32 0Ð37 0Ð32 0Ð26 0Ð28
Grass 0Ð31 0Ð35 0Ð32 0Ð28 0Ð32
Mead Irrigated corn 0Ð46 0Ð53 0Ð38 0Ð27 0Ð16
Rainfed corn 0Ð46 0Ð53 0Ð41 0Ð30 0Ð24
Grass 0Ð45 0Ð47 0Ð36 0Ð34 0Ð36
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Table VIII. Relationship between near-surface (top 2Ð5 cm) and plant available root zone SM
Location Statistic Grass Rainfed corn Irrigated corn
McCook Correlation (0-day lag) 0Ð23 0Ð29 0Ð02
Cross-correlationŁ 0Ð40 (75) 0Ð32 (18) 0Ð22 (119)
Clay Center Correlation (0-day lag) 0Ð33 0Ð32 0Ð17
Cross-correlationŁ 0Ð48 (53) 0Ð41 (52) 0Ð33 (66)
Mead Correlation (0-day lag) 0Ð19 0Ð27 0Ð16
Cross-correlationŁ 0Ð39 (56) 0Ð37 (38) 0Ð34 (57)








































































































































































































Figure 3. Mean (1982–1999) daily ET and plant available soil water for
three land uses at Mead, Nebraska: (a) irrigated corn, (b) rainfed corn
and (c) grass. First simulation starts on 5 May 1982 and ends on 4
May 1983. This process continued through to 1998–1999. Soil moisture
balance of a year carried over to subsequent years (Source: Mahmood
and Hubbard, 2002)
and fifth layers for grass is higher compared with rainfed
and irrigated corn at all locations (Table VII). This is due
to the fact that grass does not extract as much moisture
from these layers compared with rainfed and irrigated
corn. Compared with rainfed corn, slightly lower SM in
the top three layers under grass land use also suggests
relatively higher use of water from these layers.
At McCook mean daily SM estimates for the top soil
layer (a 2Ð5 cm layer at the surface) under irrigated corn
(Figure 4a) show relatively more fluctuation. This layer
responds quickly under a precipitation event or during a
dry spell. Hence, the lowest and the highest volumetric
water content for the top soil layer is lower compared
with the second layer (2Ð5–30Ð5 cm) (Figure 4b). It
is found that the fluctuation in soil water content in
the top soil layer is higher during the plant growing
period, whereas the second layer of the soil shows
far less fluctuation. Compared with the second layer,
soil water depletes more rapidly in the third layer
(30Ð5–61 cm), followed by fourth (61–91Ð5 cm) and fifth
layers (91Ð5–122 cm) (Figures 4b–e).
Soil water content for rainfed corn in the top soil
layer at McCook experiences fluctuations that resemble
conditions under irrigated corn (compare Figures 5a
and 4a). The study finds that volumetric soil water
content for rainfed corn land use remain below 0Ð25 for
a much longer time period (113 days) compared with
irrigated corn (<15 days). On the other hand, soil water
content for grass land use depletes from the second layer
more rapidly compared with rainfed corn (Figure 5f).
Water consumption behaviour related to plant growth
and crop specific phenology resulted in these differences.
Under grass land use, soil water content in the second
layer remains below 0Ð25 for a longer time period
(124 days) compared with rainfed corn. Soil water in the
fourth and fifth layers for grass never reaches the lows
encountered under rainfed corn (Figure 5h) due to the
fact that grass does not use as much SM as rainfed corn.
Mean daily SM patterns at Clay Center for all three land
uses bear a resemblance to those at McCook. Due to the
relatively moist hydroclimatic condition, however, soil
water content at Clay Center never depletes to the level
of McCook (Figures 6a–e; rainfed corn is shown as an
example).
RELATIONSHIP BETWEEN NEAR-SURFACE AND
PLANT AVAILABLE ROOT ZONE SM
As noted in the introduction, we are interested in
the climate-scale correlation between near-surface SM
(0–2Ð5 cm) to plant available SM in the root zone, the
strength of these correlations and the variation of these
correlations under different land uses and soils. Here we
attempt to answer these questions. This study performed
two sets of assessments for this purpose. These included:
(i) correlation and cross-correlation between top layer
(0–2Ð5 cm) and plant available root zone SM of all land
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Table IX. Relationship between near-surface SM and SM at various depths. See Table VI for depths of the layers








McCook Grass Correlation 0Ð49 0Ð09 0Ð14 0Ð15
Cross-correlationŁ 0Ð50 (1) 0Ð39 (82) 0Ð36 (135) 0Ð24 (191)
Rainfed corn Correlation 0Ð50 0Ð20 0Ð02 0Ð04
Cross-correlationŁ 0Ð51 (1) 0Ð29 (49) 0Ð29 (125) 0Ð20 (141)
Irrigated corn Correlation 0Ð51 0Ð04 0Ð07 0Ð04
Cross-correlationŁ 0Ð47 (1) 0Ð21 (85) 0Ð25 (117) 0Ð21 (144)
Clay Center Grass Correlation 0Ð67 0Ð34 0Ð22 0Ð19
Cross-correlationŁ 0Ð68 (1) 0Ð57 (57) 0Ð52 (81) 0Ð46 (91)
Rainfed corn Correlation 0Ð69 0Ð36 0Ð19 0Ð14
Cross-correlationŁ 0Ð69 (1) 0Ð43 (27) 0Ð37 (61) 0Ð36 (81)
Irrigated Corn Correlation 0Ð56 0Ð21 0Ð02 0Ð11
Cross-correlationŁ Decreases with lag 0Ð34 (62) 0Ð33 (75) 0Ð29 (115)
Mead Grass Correlation 0Ð54 0Ð01 0Ð13 0Ð19
Cross-correlationŁ 0Ð60 (20) 0Ð42 (91) 0Ð19 (118) Decreases with lag
Rainfed Corn Correlation 0Ð59 0Ð25 0Ð03 0Ð10
Cross-correlationŁ 0Ð60 (4) 0Ð42 (47) 0Ð26 (90) Decreases with lag
Irrigated Corn Correlation 0Ð42 0Ð09 0Ð04 0Ð12
Cross-correlationŁ 0Ð44 (6) 0Ð34 (67) 0Ð23 (98) Decreases with lag































































































































































Day (May 5, XX01 - May 4, XX02)
(e)
Figure 4. Mean daily volumetric soil moisture content at various depths for irrigated corn at McCook, NE: (a) top layer, (b) layer 2, (c) layer 3,
(d) layer 4 and (e) layer 5. Day 1 is 5 May (Source: Mahmood and Hubbard, 2004)
uses at all three locations, and (ii) correlation and cross-
correlation between top layer and plant available root
zone SM for the growing season of each year for all
land uses at all locations. Cross-correlation allows assess-
ment of time–lag relationships. The length of the time
series for all locations and land uses is from 5 May
1982 through to 4 May 1999. These analyses provided
the opportunity to determine the strength of the correla-
tion, the lag for attaining maximum correlation, and how
these correlation and lags vary by the year. Correlation
for zero lag or same day correlation is also calculated.
The SM variation is highest during the growing season
and therefore a second set of analyses in this section
focused on this season. In addition, year-to-year varia-
tions allow us to examine interannual climatic variations
and their impacts on SM.
It is found that correlations between the top soil layer
and plant available root zone SM for grass, rainfed corn
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Day (May 5, XX01 - May 4, XX02)
(h)
Figure 5. Mean daily volumetric soil moisture content at various depths for rainfed corn at McCook, NE: (a) top layer, (b) layer 2, (c) layer 3,



















































































































































Day (May 5, XX01 - May 4, XX02)
(e)
Figure 6. Mean daily volumetric soil moisture content at various depths for rainfed corn at Clay Center, NE: (a) top layer, (b) layer 2, (c) layer 3,
(d) layer 4 and (e) layer 5. Day 1 is 5 May (Source: Mahmood and Hubbard, 2004)
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and irrigated corn at McCook are 0Ð23, 0Ð29 and 0Ð02,
respectively, at zero lag (Table VIII). The correlations
for these land uses at zero lag at Clay Center are 0Ð33,
0Ð32 and 0Ð17, respectively and at Mead are 0Ð19, 0Ð27
and 0Ð16, respectively. It is clear that the correlation is
quite weak for all cases. The results also indicate that at
all locations the correlation is weakest for irrigated corn
land use. To replicate real-world management practice,
the model assumed application of water as soon as plant
experienced water stress. Hence, the natural cycle of
drying and recharging was interrupted, which resulted
in lower correlation. The lowest correlation for irrigated
corn at McCook provides further evidence of this. This
is the driest location among the three and received the
most frequent application of irrigated water to overcome
stress, which resulted in the lowest correlation between
the top layer and plant available root zone SM. Also, this
correlation is much higher for grass and rainfed corn at
McCook and, again, provides evidence that interruption
of the natural cycle of SM variation resulted in lower
correlation for irrigated corn. Clay Center reported the
highest correlation for grass and rainfed corn. The soil at
this location is predominantly silty clay (Table IV). Soils
at McCook are silty and at Mead are clay (Table IV),
and thus provide the potential for the lowest and highest
water holding capacity, respectively. Hence, it can be said
that both rapid drying and slow drainage can affect these
correlations.
These outcomes of correlation are analogous to the
results in the previous section, in a sense that SM at
the top soil layer varies greater than the plant available
root zone SM as a whole. Note, that the top layer of the
soil interacts with the near-surface atmosphere at all time-
scales and therefore we see day-to-day fluctuations at this
layer. On the other hand, the response of SM at the lower
layers notably depends, among other things, on the plant
and root growth and its water consumption behaviour
in response to environmental forcing and physiological
demand. This difference in SM modulation is partly
responsible for the weak correlation. In a previous study,
Mahmood and Hubbard (2004) showed differences in
variability of SM at various depths of the root zone. They
have also explained how varying plant and root growth
and their water consumption behaviour results in such
variations.
Since SM is modified by drainage of water (in and out
of the layer) and by water use from the layer, further anal-
yses were undertaken to establish time–lag relationships.
The results suggest that at McCook, the highest cross-
correlation between top soil layer SM and plant available
root zone SM for grass, rainfed corn and irrigated corn
occurs at 75, 18 and 119 days lag, respectively, and these
correlations are 0Ð40, 0Ð32 and 0Ð22 (Table VIII). At Clay
Center these correlations occur at 53, 52 and 66 days lag
and the correlations are 0Ð48, 0Ð41 and 0Ð33, respectively
(Table VIII). Similar assessment for Mead suggests cor-
relations of 0Ð39, 0Ð37 and 0Ð34 at 56, 38 and 57 days lag,
respectively (Table VIII). As expected, the time–lag cor-
relations are stronger than the zero lag correlations owing
largely to the fact that time is required for drainage from
the top layer to other layers. Irrigated land use, again,
shows the lowest cross-correlation between top soil layer
SM and plant available root zone SM. Time lags for these
cross-correlations and for irrigated land use at all loca-
tions are 119, 66 and 57 days. These are the longest time
lags among all land uses at all locations. Clay Center
shows higher correlation for all land uses. In general,
the time lags associated with higher cross-correlation and
for all land uses and all locations vary from one month
(38 days) to two and a half months (75 days) approxi-
mately.
RELATIONSHIP BETWEEN NEAR-SURFACE AND
ROOT ZONE SM AT VARIOUS DEPTHS
To further understand the relationship between the top
layer and root zone SM, Table IX presents correlation
and cross-correlation of SM between top layer SM
(0–2Ð5 cm) and that of the second (2Ð5–30Ð5), third
(30Ð5–61 cm), fourth (61–91Ð5) and fifth (91Ð5–122 cm)
layers, respectively. Same day or zero lag correlation is
highest between the top and second layers for all land
uses (Table IX). At McCook it ranges between 0Ð49 and
0Ð51. Same day correlation between top and second layer
SM ranges between 0Ð56 and 0Ð69 and 0Ð42 and 0Ð59 for
Clay Center and Mead, respectively (Table IX). Similar
to the previous section, these correlations decreased under
irrigated conditions. Moreover, Clay Center demonstrated
generally higher correlation between top and second layer
SM for all land uses. There is a large reduction in strength
of correlation between the top and third to fifth layers.
Generally, the correlations between top and fifth layer
SM for all land uses were weak and negative. It is
encouraging that the association between the top and
second layers is moderately strong at Clay Center and
moderate at McCook and Mead. The results suggest the
possibility of using the observed SM of the top layer as
a predictor of SM up to a depth of 30 cm.
This study also explored the strength of the cross-
correlation of SM between the top and other layers. For
grass and rainfed corn land use, cross-correlation between
the top and second layer at 1 day lag remains the same
and slightly increased, respectively, at Clay Center. The
cross-correlation of SM between these layers decreases
with increasing lag. These associations for grass and
rainfed corn land use at McCook also increase with 1 day
lag. Subsequently, it declines with increasing time lag. At
Mead, the strength of the cross-correlation between top
and second layer SM increases to 0Ð60, 0Ð60 and 0Ð44 at
20, 4 and 6 days lag for grass, rainfed corn and irrigated
corn land use, respectively.
Analyses of simulated data suggest a large decline in
cross-correlation of SM between the top and the third to
fifth layers (Table IX). Except for grass at Clay Center,
cross-correlation of SM between the top and third layers
ranges between 0Ð21 and 0Ð43 for all locations and for
all land uses. The time lags for the cross-correlations
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range from 27 to 91 days. The strength of these cross-
correlations further declines and time lags further increase
between the top and the fourth and fifth layers (Table IX).
INTERANNUAL VARIATIONS IN THE
RELATIONSHIP BETWEEN NEAR-SURFACE AND
PLANT AVAILABLE SM
Root zone SM amount and its distribution change from
year-to-year in response to interannual variations in pre-
cipitation. Thus, it is critical to know year-to-year vari-
ations in correlation and cross-correlation between near-
surface and plant available root zone SM on an annual
basis for different land uses under varying hydroclimatic
regimes. Moreover, in our study region SM during the
warm season (which coincides with growing season)
plays a more active role in land surface and atmosphere
interactions. Hence, to fulfill the objective we have used
growing season time series for individual years from 1982
through to 1999. Table X presents the results from this
assessment. It is found that for grass, correlation (0 lag)
varies from 0Ð63 to 0Ð21, 0Ð32 to 0Ð16 and 0 Ð 63 to
0Ð37 for McCook, Clay Center and Mead. These cor-
relations under grass land use are out of phase more
frequently at Mead compared with any other location.
Under rainfed corn land use correlations range from 0Ð72
to 0 Ð 24, 0Ð48 to 0Ð18 and 0Ð62 to 0Ð14 at McCook,
Clay Center and Mead, respectively. For irrigated land
use, correlation between the top soil layer and plant avail-
able root zone SM ranges from 0Ð30 to 0Ð32, 0Ð40 to
0Ð46 and 0Ð44 to 0Ð13 at McCook, Clay Center and
Mead, respectively. As expected, assessment of seasonal-
and annual-scale correlation (0 day lag) between near-
surface and plant available root zone SM suggests that
during warm months/growing season it can be notably
higher in some years. This finding is applicable for all
land uses at all three locations. It is also reported that at
McCook relatively higher correlation is associated with
rainfed corn land use during a wet year (1993), whereas
Mead suggests higher correlation for rainfed corn during
a relatively dry year (1982). Table IV shows that soils
are predominantly silty and clayey at McCook and Mead,
respectively. In other words, Mead soil has a higher water
holding capacity. We suspect that seasonal precipitation
amount along with soil properties play important roles in
these relationships. However, it is also clear that strengths
of these correlations are not very strong and additional
work is needed to better understand these interactions.
Cross-correlation analyses were also completed for the
years with relatively higher correlations. For example,
cross-correlation analyses for the 1998–99 growing sea-
son top soil layer and plant available SM for grass at Clay
Center reports the highest estimate of 0Ð24 at 12 days
lag. These estimates steadily decrease after 1 day lag and
slightly increase on the 12th day, and then declines. Simi-
lar estimates for rainfed corn at Clay Center and McCook
steadily decline with increasing lag. In other words, cross-
correlation using time lag does not show much promise
in estimating plant available root zone SM based on the
top layer soil water content.
IMPLICATIONS OF RESULTS AND FINAL
REMARKS
This study provides a quantitative assessment of the
relationship between near-surface SM and SM at various
depths of the root zone under three land uses and
contrasting hydroclimatic domains. A similar assessment
was completed for near-surface SM and plant available
root zone SM (total depth is 1Ð22 m). In addition,
it is suggested that these land uses are representative
of predominant land uses of the region. Hence, these
point-scale assessments would be helpful to understand
large-scale root zone SM relationships. To accomplish
Table X. Inter-annual variations of relationship (r) between top soil layer SM and plant available SM during growing season. Bold
values indicate dry or wet years
Year McCook Clay center Mead
Grass Rainfed corn Irrigated corn Grass Rainfed corn Irrigated corn Grass Rainfed corn Irrigated corn
1982 0Ð014 0Ð25 0Ð10 0Ð29 0Ð34 0Ð16 0Ð63 0Ð62 0Ð44
1983 0Ð29 0Ð57 0Ð01 0Ð16 0Ð21 0Ð10 0Ð23 0Ð07 0Ð10
1984 0Ð26 0Ð38 −0Ð30 0Ð31 0Ð48 0Ð13 0Ð26 0Ð40 0Ð40
1985 0Ð16 0Ð39 0Ð03 0Ð008 0Ð17 0Ð10 0Ð21 0Ð14 0Ð12
1986 0Ð32 0Ð51 −0Ð14 0Ð16 0Ð35 0Ð40 0Ð002 0Ð27 0Ð17
1987 0Ð18 0Ð095 0Ð11 0Ð09 0Ð14 0Ð07 0Ð09 0Ð07 0Ð13
1988 0Ð10 0Ð05 0Ð13 0Ð007 0Ð13 0Ð08 0Ð29 0Ð44 0Ð20
1989 0Ð12 0Ð10 0Ð01 0Ð20 0Ð19 0Ð15 0Ð14 0Ð31 0Ð14
1990 0Ð03 0Ð14 0Ð30 0Ð32 0Ð41 0Ð32 0Ð09 0Ð35 0Ð20
1991 0Ð63 0Ð70 0Ð22 0Ð09 0Ð34 0Ð08 0Ð04 0Ð25 0Ð37
1992 0Ð16 0Ð10 0Ð21 0Ð27 0Ð32 0Ð06 0Ð37 0Ð14 0Ð08
1993 0Ð33 0Ð72 0Ð30 0Ð20 0Ð29 0Ð32 0Ð09 0Ð30 0Ð14
1994 0Ð21 0Ð24 0Ð32 0Ð11 0Ð25 0Ð46 0Ð09 0Ð22 0Ð27
1995 0Ð20 0Ð42 0Ð20 0Ð086 0Ð28 0Ð13 0Ð13 0Ð28 0Ð40
1996 0Ð18 0Ð22 0Ð17 0Ð12 0Ð12 0Ð25 0Ð0 0Ð09 0Ð10
1997 0Ð31 0Ð38 0Ð07 0Ð23 0Ð18 0Ð01 0Ð20 0Ð05 0Ð37
1998 0Ð24 0Ð51 0Ð1 0Ð03 0Ð21 0Ð04 0Ð18 0Ð01 0Ð15
Copyright  2007 John Wiley & Sons, Ltd. Hydrol. Process. 21, 3449–3462 (2007)
DOI: 10.1002/hyp
SOIL MOISTURE UNDER DIFFERENT LAND USES AND HYDROCLIMATIC CONDITIONS 3461
the objectives a soil-water and energy-balance process
model was applied to simulate SM at a climatic time-
scale (1982–1999). The model simulations and resultant
variations of SM over seasons and for different land
uses also suggest that SM estimates are satisfactory
and comparable to findings by other investigators (e. g.
Georgakakos and Bae, 1994; Georgakakos et al., 1995;
Scott et al., 2000).
Results of this study suggest that temporal distribution
of SM at various depths of the root zone is a function
of soils, land use and prevailing hydroclimatic condi-
tions. The most prominent outcome of this study is that
correlation (0 day lag) and cross-correlation (more than
0 day lag) between near-surface SM and SM at various
depths ranges from weak to moderately strong. This is
also true for the relationship between near-surface SM
and plant available root zone SM. It is found that rain-
fed land uses have relatively higher correlation and cross
correlation than a human modified (irrigated) land use.
Cross-correlations are relatively higher for all land uses
with lags of 18 to 119 days. Correlation between the top
and second layers for all land uses increases. Similar
results were found during cross-correlation analyses with
a shorter lag of days. In other words, results are promis-
ing. As expected, the strength of these relationships varies
from year-to-year and compared with the climate-scale,
the correlations at an annual-scale are greater.
The findings of this study indicate that the dynamics
associated with SM variations through the depths of the
root zone are complex. In other words, the results are
in general agreement with Li and Islam (2002), Wu
et al. (2002), Mahmood and Hubbard (2004) and HPRCC
(2005). Thus, it is possible to suggest that estimation or
prediction of SM for the whole root zone or for various
depths based on near-surface SM would be difficult.
Several studies have shown application of remote sensing
in estimating near-surface SM (Vinnikov et al., 1999;
Jackson et al., 2002), and there is a tendency to equate
this near-surface SM to the whole root zone. However,
our results and several studies by other groups (Santanello
and Carlson, 2001) clearly show that this assumption is
not justified. This also suggests that we need to complete
further comprehensive studies on this issue using both
modelled and observed data in order to reach a better
understanding of the complex system.
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